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Description

OBJECT OF THE INVENTION

[0001] The present invention may be included in the technical field of methods for the control of power ramp-rates
minimizing energy storage requirements in intermittent power generation plants.
[0002] The object of the present invention is a method for the control of power ramp-rates minimizing energy storage
requirements in intermittent power generation plants, such as for example a photovoltaic solar plant, which minimizes
the energy storage requirements approximately halving the size of storage systems necessary to comply with a maximum
allowable ramp-rate given by a grid code regulation regarding the state of the art, reducing thus investment costs in the
plant and/or carrying out a rationalized use of the energy storage system, in such a way that in order to achieve the
same maximum fluctuation ramp, a minor use is done of the energy storage system, minimizing the losses and extending
its working life, and therefore reducing the plant operational costs.

BACKGROUND OF THE INVENTION

[0003] Photovoltaic (PV) solar energy production depends on the global irradiance available, which depends, for a
determined location, on the day of the year and the time of the day, but also on meteorological effects such as clouds
or aerosols in the particular location of the photovoltaic panels.
[0004] Therefore, along any given day, the photovoltaic solar power will vary importantly. On a sunny day, for example,
it will show a predictable variation because of the different levels of irradiance along the day, and because of the different
angles the sun will form during the day with the photovoltaic solar panels as a function of the type of tracking capacity
they have.
[0005] On a cloudy day, the production will show additional variations that can be much faster depending on the
photovoltaic plant size and the speed to which the clouds move over it, wherein the power curves will be completely
different for a clear day, a partly cloudy day and a completely cloudy day.
[0006] Cloudiness is difficult to forecast and fast with respect to its effects, so it can cause fluctuations in the photovoltaic
plants production which cause problems in the electrical system stability. The electrical grid operators have carried out
several researches about the fluctuations effects since, as they cannot be foreseen, the grid has to be provided with
enough control capacity to absorb them. The maximum power variations in photovoltaic plants may even reach 90% of
nominal power in very short time intervals, of less than a minute.
[0007] In the case of a wind farm, the wind resource obtained is also variable depending on the meteorological
conditions, so the effects are similar to those present in photovoltaic plants, although with different dynamics and time
schedules.
[0008] One of the ways to solve power fluctuations is to control the generation by limiting the power variation maximum
speed, typically with the maximum ramp value which power variation may have in each control cycle. That requires
predicting fluctuations and acting in advance limiting the production of the plant. In order to predict fluctuations, it would
be required to accurately assess the modifications of the meteorological parameters causing them. Poor forecast of the
meteorological variables and the effects thereof on the plant production may cause great losses in this process and may
justify the investment in energy storage systems.
[0009] The way the established regulations deal with this problem is by setting power variation maximum ramps to
the power being fed in the grid by the intermittent generation plants. In this way, it can be ensured that the power variation
of a plant, or a group of plants, does not exceed the dynamics with which other plants in the system may increase or
reduce power, so that the production and consumption balance is not altered at each moment.
[0010] In order to set these values, possible power variation speed for thermal power plants, between 2.5%-10% of
its nominal power per minute, being part of the manageable generation, is usually taken as a reference. Thereby, it is
ensured that the rest of the system, if it is provided with enough control capacity, may respond to quick power variations
in the intermittent power generation plants. Another option is to consider that the aggregation of nearby plants will produce
a variation in the power obtained as a sum of all of them, which is less than the variations from each individual plant
(filtering effect), so it is possible to reduce the store requirements.
[0011] The plants with energy storage may control variation speed of the output by means of energy charging and
discharging of the storage systems. For example, a 1.2MWp plant can be added a 1MW-560kWh battery system with
which output power variations from the plant can be controlled according to a maximum ramp determined by the control
system.
[0012] There are different strategies known from the state of the art used in solar and wind generation plants and
having several energy storage technologies, where the usual way to control the power fluctuations is by storing the
excess in the storage or transferring the deficit from the storage, so that when power increments are produced, the
battery is charged so that the production being fed to the grid do not have great oscillations, whereas when power drops
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occur, the battery provides the power to keep up with the production being fed to the grid without great oscillations,
where this procedure can be carried put in different ways obtaining different results.
[0013] The immediate way of doing this, referred to as ramp-rate control, is with a control algorithm which, in the time
cycle being defined, sets a charging or discharging value for the storage system, so that in the next cycle there is no
value with a deviation higher than the one allowed by the maximum allowable ramp-rate value, implying lower cycling
degradation.
[0014] Publication "Storage requirements for PV power ramp-rate control. Sol. Energy 99, 28-35 from the authors
Marcos, J., Storkël, O., Marroyo, L., Garcia, M., Lorenzo, E., 2014", discloses a ramp-rate control strategy that complies
with a given allowable ramp-rate variation. In particular, an equation was given to calculate the storage capacity required
to support the worst case fluctuation at a photovoltaic plant. In other words, a fluctuation when the photovoltaic plant is
in full operation in clear sky conditions compared to completely cloudy conditions, or vice versa. As the sign of the first
fluctuation is unknown, a double capacity battery is required to absorb both the upward and downward fluctuations based
on currently-available knowledge.
[0015] US2014/184136 discloses a method for the control of power ramp-rates in intermittent power generation plants
for complying with a maximum allowable ramp-rate value to the power being fed in the grid, PG(t), given by a grid code
regulation, by the intermittent power generation plant, the method comprising:

• a stage for calculating dynamically the target state of charge, SOCtar(t), of a energy storage system required to
support the worst possible fluctuation; and

• a control stage wherein the state of charge SOC(t) of the energy storage system associated to the difference between
the power being fed in the grid, PG(t), and the instantaneous power generated by the intermittent power generation
plant, P(t), is modified accordingly to the target state of charge, SOCtar(t) if the previous value of the target state of
charge, SOCtar(t-1), is not able to support the worst possible fluctuation or is not modified if the previous value of
the target state of charge, SOCtar(t-1), is able to support the worst possible fluctuation.

DESCRIPTION OF THE INVENTION

[0016] The present invention solves the technical problem stated, by means of a method for the control of power ramp-
rates minimizing energy storage requirements in intermittent power generation plants, such as for example a photovoltaic
solar plant, a wind turbine or a wind farm, which minimizes the energy storage requirements reducing significantly up
to halving the size of storage systems necessary to comply with a maximum allowable ramp-rate given by a grid code
regulation respect the state of the art, reducing thus investment costs in the plant and/or carrying out a rationalized use
of the energy storage system, in such a way that in order to achieve the same maximum fluctuation ramp, a minor use
is done of the energy storage system, minimizing the losses and extending its working life, and therefore reducing the
plant operational costs.
[0017] In any of the strategies mentioned in the background of the invention section, as the control of the plant power
output is carried out by charging or discharging a finite capacity storage system, it is necessary to bring the state of
charge SOC(t) to a defined value, that is, a target SOC(t), SOCtar(t), tipically around 50%. Thus, the storage system will
not reach its allowed maximum and minimum technical values, and it will ensure the storage system has enough stored
energy and power charging capacity enough to achieve its functionality. The strategy of charging the storage system
when the SOC(t) lowers down from a determined value, and discharging it when the SOC(t) goes up from determined
value, will be referred to as algorithm for the state of charge; or as a charging and discharging component which depends
on the spacing between SOC(t) at each moment and the target SOC, SOCtar(t).
[0018] Therefore, the storage system design to be incorporated in an intermittent generation plant is carried out
determining in the first place the global operation strategy. Up to now, strategies for control tracking of fluctuation
maximum ramps and ramp delay have been mentioned. From those fluctuations of the solar or wind resource foreseen
and the strategy to be followed, the power charging and discharging capacity that the storage system associated to the
generation plant will require, will be determined. Thus, the total power capacity of the energy storage system and a
target SOC, SOCtar(t), will be measured, so that the storage system can provide the specified charging and discharging
capacity. A strategy will be included in order that, during operation, the storage system SOC (t) does not deviate too
much from the target, so that the achievement of the required functionality is ensured over time.
[0019] The method for the control of power ramp-rates minimizing energy storage requirements for complying with a
maximum allowable ramp-rate value to the power being fed in the grid, PG(t), given by a grid code regulation of the
present invention, which can be applied to, for example, a photovoltaic solar plant, and where the energy storage system
is for example a battery, comprises:

• a stage for calculating the maximum plant power, PMax(t), and the minimum plant power, PMin(t) of the instantaneous
power generated by the intermittent power generation plant, P(t);
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• a stage for determining the worst possible fluctuation that can occur in the instantaneous power generated by the
intermittent power generation plant, P(t), wherein the worst possible fluctuation is one of the two following fluctuations:
a positive fluctuation being calculated between the instantaneous power P(t) and the maximum plant power, PMax(t)
and a negative fluctuation being calculated between the instantaneous power P(t) and the minimum plant power,
PMin(t);

• a stage for calculating dynamically the target state of charge, SOCtar(t), of a energy storage system required to
support the worst possible fluctuation; and

• a control stage wherein the state of charge SOC(t) of the energy storage system associated to the difference between
the power being fed in the grid, PG(t), and the instantaneous power generated by the intermittent power generation
plant, P(t), is modified accordingly to the target state of charge, SOCtar(t) if the previous value of the target state of
charge, SOCtar(t-1), is not able to support the worst possible fluctuation or is not modified if the previous value of
the target state of charge, SOCtar(t-1), is able to support the worst possible fluctuation.

[0020] The invention takes into account that both (i) the conditions for the output power fluctuation control of the plant,
and (ii) the conditions of the state of charge of the storage system may be dynamic in such a way that they vary according
to other parameters. The variation records make sense knowing the application and how the renewable intermittent
generation plants, object of the present invention, work.
[0021] Therefore, as a function of the maximum plant power (PMax(t)) and the minimum plant power (PMin(t)), it is then
possible to obtain the SOC needed to smooth out any potential fluctuations, both positive and negative.
[0022] If the intermittent power generation plant is a photovoltaic solar plant, the instantaneous photovoltaic plant
power generated, PPV(t), for specific values of irradiance, G(t), and cell temperature, Tc(t), can be easily estimated with
a parametric model of the photovoltaic plant under consideration. It is possible to estimate at each moment, the photo-
voltaic plant production limits, i.e., PPV,Max(t), preferably the photovoltaic plant power under clear sky conditions, and
PPV,Min(t), preferably the photovoltaic plant power under totally cloudy sky conditions in which only the diffuse light
reaches the photovoltaic arrays. These powers PPV,Max(t), PPV,Min(t), represent both the maximum and minimum power
respectively that can occur at the photovoltaic plant at that moment in time.
[0023] If the intermittent power generation plant is a wind turbine or a wind farm, the instantaneous wind turbine or
wind farm power generated, PWT(t), for specific values of meteorological variables, such as wind speed, vw(t), and
temperature, T(t), can be easily estimated with a parametric model of the wind turbine under consideration, obtaining
the wind turbine production limits, i.e., PWT,Max(t) and PWT,Min(t), Preferably PWT,Max(t) is the rated power of the wind
turbine or wind farm and PWT,Min(t) is another value different to the the rated power.
[0024] In this way, it is possible to calculate the maximum power variation that can take place, either positive or
negative, from the instantaneous power generated by the intermittent plant, P(t). So, as a function of the actual instan-
taneous power, it is then possible to obtain the state of charge (SOC) needed in order to either absorb or provide the
necessary energy depending on the nature of the fluctuation, either upward or downward respectively.
[0025] In other words, and for a photovoltaic solar plant, it is possible to control the SOC of the energy storage system
close to 100% on a clear day and with the photovoltaic plant in full operation, given the fact that the only event that could
possibly occur is a downward fluctuation, which will be mitigated by providing energy from the energy storage system.
Whilst, on a cloudy day with the photovoltaic plant operating under diffuse irradiance with low power the energy storage
system will be at a low state of charge (SOC) in order to absorb the only possible upward fluctuation that could occur.
Any other intermediate state of production will imply a SOCtar(t) reference that will be variable as a function of the actual
weather conditions. In this way, the capacity needed with this invention is the capacity necessary to mitigate the worst
fluctuation case, so reducing significantly up to halving currently state of the art requirements.
[0026] Therefore, the stage of setting the target state of charge, SOCtar,(t), of the energy storage system dynamically,
according to the maximum plant power, PPV,Max(t), and the minimum plant power, PPV,Min(t), is preferably carried out
through specific values of irradiance, G(t), and measured cell temperatures (Tc) to allow the energy storage system to
provide sufficient power to cover a decrease in irradiance or otherwise to absorb excess power.
[0027] Preferably, P,Min(t)=AxP,Max(t), wherein A is comprised in the interval (0,1-0,3) considering that PMin(t) corre-
sponding to the power under maximum cloudiness conditions is equivalent to (Ax100)% of PMin(t) for a clear day for a
photovoltaic power plant.
[0028] The available capacity of the energy storage system required for discharging in the event of the maximum
possible downward fluctuation (CBAT,d) is the stored energy that needs to be injected into the grid in order to mitigate
this fluctuation. On the other hand, the capacity required to charge in the event of the maximum upward fluctuation
(CBAT,c) is the energy required to be stored in the energy storage system to absorb this fluctuation.
[0029] When the photovoltaic plant is operating at any point close to midday, when PPV,Max(t)= PN, the sum CBAT,d +
CBAT,c = CBAT. This means there is only one SOC(t) point which complies with the ramp limitation imposed. However,
any other time of day, the sum CBAT,d + CBAT,c < CBAT, which means that not only is there a single point that meets the
ramp limitation but an entire zone. If the SOC(t) is within this zone, no modification will be required, a fact that makes it
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possible to reduce the energy storage system cycling degradation should this be necessary. This translates into the
following conditions: 

wherein CBAT,d (t) is the available capacity of the energy storage system required for discharging in the event of a
maximum possible downward fluctuation associated to the maximum negative power variation that can take place,
CBAT,c(t) is the capacity required to charge in the event of the maximum upward fluctuation associated to the maximum
positive power variation that can take place, and SOC(t) is the state of charge of the energy storage system associated
to the difference between the power being fed in the grid, PG(t), and the instantaneous power generated by the photovoltaic
plant, PPV(t),
[0030] The SOC(t) of the energy storage system is continuously adjusted to comply with both the ramp rate limitation
implemented and any possible fluctuations that could take place. Furthermore, as mentioned above, at the beginning
and end of the day when EBAT(t) values comply with the ramp rate limitation, the SOC(t) remains constant.
[0031] Preferably, the stage for calculating the maximum plant power, PMax(t), and the minimum plant power, PMin(t)
of the instantaneous power generated by the intermittent power generation plant, P(t) is carried out for each one of a
set of plants for calculating the maximum power, PMax(t), and the minimum power, PMin(t) of the set of plants.
[0032] Optionally, the method further comprises a stage of setting the dynamic component of the ramp defined as the
slope with which the power in the plant is to be varied in each control stage, according to the state of charge of the
energy storage system, SOC(t).
[0033] In case the stage of setting the power variation maximum ramp to the power being fed in the grid by the
intermittent power generation plant, is carried out by means of the stage of setting the dynamic component defined as
the slope with which the output power in the plant is to be varied in each control cycle, according to the state of charge
of the energy storage system, SOC(t), it is ensured that the power variation of a plant, or a group of plants, does not
exceed the maximum dynamics allowed; fixed accordingly in order that other plants in the system may increase or reduce
power, so that the production and consumption balance of the whole system is not altered at each moment.
[0034] Thus, if the state of charge is below a reference value, the slopes are modified so as to help the storage system
to be charged. If the state of charge of the storage system is higher than the reference value, the slopes are modified
so as to help discharging the storage system, always achieving the maximum slopes allowed. Thus, the use of the
energy storage system is reduced (number of charging/discharging cycles in case of a battery), since by means of using
dynamic limiting maximum ramps for power variation, according to the state of charge of the energy storage system,
the storage system deviates the least possible from the state of charge (SOC) set as a target.
[0035] Limiting maximum ramps for power variation of the total power generated by a group of plants can leverage
the attenuation dispersion and, therefore, reduce the value of the required energy storage system. This makes sense
in the case of both an island where all generated power goes to a single line, as in the case of several plants are
connected to the same substation. The maximum and minimum power produced by all plants, preferably a wind farm
or a photovoltaic plant, would be calculated as the sum of the maximum and minimum of each range.
[0036] In the next table, different parameters are shown between the present invention and the Publication "Storage
requirements for PV power ramp-rate control. Sol. Energy 99, 28-35 from the authors Marcos, J., Storkël, O., Marroyo,
L., Garcia, M., Lorenzo, E., 2014", of the state of the art, showing the improvement in the different parameters due to
said method for the case in which the energy storage system is a battery.

Results State of the art Invention

Theoretical Capacity CBAT (kWh) 24558 12279

Effective Capacity Used CBAT,used (kWh) 23678 11703

Energy through the energy storage system (% Total Production) 6.39 6.15
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[0037] Thus, the method of the invention allows CBAT to be halved the CBAT required in Publication "Storage require-
ments for PV power ramp-rate control. Sol. Energy 99, 28-35 from the authors Marcos, J., Storkël, O., Marroyo, L.,
Garcia, M., Lorenzo, E., 2014", of the state of the art.

DESCRIPTION OF THE DRAWINGS

[0038] To implement the present description and in order to provide a better understanding of the characteristics of
the invention, according to a preferred embodiment thereof, a set of drawings is attached as part of this description, with
an illustrative but not limitative purpose, which represents the following:

Figure 1 shows a ramp-rate control model according to the method disclosed in publication Storage requirements
for PV power ramp-rate control. Sol. Energy 99, 28-35 from the authors Marcos, J., Storkël, O., Marroyo, L., Garcia,
M., Lorenzo, E., 2014", of the state of the art.

Figure 2 shows a ramp-rate control model according to the method for the control of power ramp-rates minimizing
energy storage requirements in intermittent power generation plants of the invention.

Figure 3 shows a graph wherein the variation in a day of the instantaneous power generated by the photovoltaic
plant, PPV(t), the maximum plant power, PPV,Max(t), and the minimum plant power, PPV,Min(t). are shown.

Figure 4 shows on the left side a graph wherein the stage for calculating dynamically the target state of charge,
SOCtar(t), of a energy storage system required to support the worst possible fluctuation is shown for an instant t of
the day of Figure 3, and on the right side a detail of said graph.

Figure 5 shows a graph wherein the stage for calculating dynamically the target state of charge, SOCtar(t), of a
energy storage system required to support the worst possible fluctuation is shown for the day of Figure 3.

Figure 6 shows the evolution of the SOC during a clear day on the left side and a cloudy day on the right side.

PREFERRED EMBODIMENT OF THE INVENTION

[0039] A detailed description of a preferred embodiment of the present invention is now described, according to figures
1 to 6 referred to above.
[0040] The method for the control of power ramp-rates minimizing energy storage requirements for complying with a
maximum allowable ramp-rate value to the power being fed in the grid, PG(t), given by a grid code regulation of the
present invention, which can be applied to, for example, a photovoltaic solar plant, and where the energy storage system
is for example a battery, comprises:

• a stage for calculating the maximum plant power, PPV,Max(t), and the minimum plant power, PPV,Min(t) of the instan-
taneous power generated by the photovoltaic plant, PPV(t);

• a stage for determining the worst possible fluctuation that can occur in the instantaneous power generated by the
photovoltaic plant, PPV(t), wherein the worst possible fluctuation is one of the two following fluctuations: a positive
fluctuation being calculated between the instantaneous power PPV(t) and the maximum plant power, PPV,Max(t) and
a negative fluctuation being calculated between the instantaneous power PPV(t) and the minimum plant power,
PPV,Min(t);

• a stage for calculating dynamically the target state of charge, SOCtar(t), of a energy storage system required to
support the worst possible fluctuation; and

• a control stage wherein the state of charge SOC(t) of the energy storage system associated to the difference between
the power being fed in the grid, PG(t), and the instantaneous power generated by the photovoltaic plant, PPV(t), is
modified to the target state of charge, SOCtar(t) if the previous value of the target state of charge, SOCtar(t-1), is not
able to support the worst possible fluctuation or is not modified if the previous value of the target state of charge,
SOCtar(t-1), is able to support the worst possible fluctuation.

[0041] The instantaneous PV plant power generated, PPV(t), for specific values of irradiance, G(t), and cell temperature,
Tc(t), are estimated with a parametric model of the PV plant under consideration. It is possible to estimate at each
moment, the PV plant production limits: the PV plant power under clear sky conditions, PPV,Max(t),and the PV plant power
under totally cloudy sky conditions in which only the diffuse light reaches the PV arrays, PPV,Min(t). These powers
represent both the maximum and minimum power that can occur at the PV plant at that moment in time. In this way, it
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is possible to calculate the maximum power variation that can take place, either positive or negative, from the instanta-
neous power generated by the PV plant, PPV(t). So, as a function of the actual PV power, it is then possible to obtain
the state of charge needed in order to either absorb or provide the necessary energy depending on the nature of the
fluctuation, either upward or downward respectively. Figure 2 shows the control diagram showing a block that is able to
calculate, through the measured cell temperature (Tc), the SOC value (EBAT,ref) to allow the battery to provide sufficient
power to cover a decrease in irradiance or otherwise to absorb excess power.
[0042] The calculation of PPV,Max(t) corresponds to the calculation of the PV power under clear sky conditions. This
power can be obtained through the following stages:

a) A clear sky irirradiance model

[0043] The knowledge of the clear sky irradiance reaching the ground has been a key parameter in the field of solar
irradiance modelling and evaluation. As a result, many empirical and physical models can be found in the literature (Bird
and Hulstrom, 1980; Geiger etal., 2002; Gueymard, 1989; Kasten, 1980; Molineaux et al., 1998; Rigollier et al., 2000).
Although, as will be seen later on, high accuracy is not required for the modelling of clear sky days for the goodness of
the control, these models have been well validated and their performance on very clear condition measurements are
within 4% in term of standard deviation (Ineichen, 2006). For the purpose of our study, the model selection criteria must
be based on both implementation simplicity and input parameter availability (Linke turbidity or aerosol optical depth). In
this way, the clear sky model of the European Solar Irradiance Atlas (ESRA) which only needs the Linke turbidity as an
input parameter has been implemented (Rigollier et al., 2000). Monthly values of the Linke turbidity factor are sufficient
for the purpose of our study and can be obtained from (SODA, n.d.).
[0044] In this model, the global horizontal irradiance for clear sky, Gc(0), is split into the direct component, Bc(0) and
given by Eq.(7): 

where B0 is the solar constant (1367 Wm-2), ε0 is the eccentricity correction; γs is the solar altitude angle (0° at sunrise
and sunset); TL is the Linke turbidity factor for an air mass equal to 2; m is the relative optical air mass; δR is the integral
Rayleigh optical thickness that depends on the precise optical path and hence on relative optical air mass, m, and its
parameterization can be obtained in (Kasten, 1996).
[0045] And the diffuse component, Dc(0), given by Eq.(8): 

[0046] In this equation, the diffuse irradiance is expressed as the product of the diffuse transmission function at zenith
(i.e. sun elevation 90°),Trd, and diffuse angular function, Fd. Further information about the calculation of these parameters
can be found in (Rigollier et al., 2000).

b) PV plant model

[0047] First of all, cell temperature, Tc, is required to calculate the PV module overheating losses. In this study, several
temperature sensors have been recording data every 5 sec. In case cell temperature sensors are not available. Tc can
be calculated on the basis of ambient temperature (Ta), using the well-known equation Eq.(9): 

where NOCT is the nominal operation cell temperature obtained from the manufacturer datasheet, in °C, and Gm is the
irradiance measured in the plane of the array, in W·m-2. Notice that in this case both an irradiance sensor and ambient
temperature sensor are required.
[0048] Later, once both components of the global horizontal irradiance have been obtained, the irradiance that reaches
the PV generators must be calculated. To do so, the angle of incidence, β, and the PV generator orientation, α, at every
instant in time must be calculated. All the expressions which allow these parameters for the main kinds of tracking
systems can be found in Narvarte and Lorenzo, 2008.
[0049] Subsequently, based on the position of the PV generator, the irradiance can be calculated in the plane of the



EP 3 026 774 B1

8

5

10

15

20

25

30

35

40

45

50

55

generator, Gc(β,α). In order to obtain the value of the irradiance over an inclined plane, several models have been
proposed (Hay and Mckay, 1985; Hay, John E., Davis, 1980; Klucher, 1979; Lorenzo, 2011; Muneer, 1990; Perez et
al., 1987; Reindl et al., 1990) which typically split the solar irradiance in beam irradiance, Bc(β,α); diffuse irradiance,
Dc(β,α); and reflected irradiance, Rc(β,α). As was mentioned above, for the purpose of this application, as a great deal
of precision is not required, any of the models proposed in the literature will be valid. In this case, the Hay-Davies model
(Hay, John E., Davis, 1980) was chosen. Further information about the parameters and equations implemented can be
found in (Hay, John E., Davis, 1980; Lorenzo, 2011).
[0050] Although the method is sufficiently accurate for the purpose of this study, It is worth noting that in order to
improve the accuracy of the calculation, it is possible to take into account the assessment of power losses caused by
shading (Martinez-Moreno et al., 2010), dirt and incidence (Martin and Ruiz, 2001) and spectrum (Ruiz, 1999).
[0051] The next stage is to obtain the maximum output power (PDC(t)) which is calculated using Eq.(10): 

where P* is the maximum power under standard test conditions (STC, defined by a normal irradiance of G*=1000W.m-2

and a cell temperature of TC=25 °C, and AM1.5 spectrum), η(t) is the efficiency as a function of the irradiance and cell

temperature, Tc, and η* is the efficiency under STC,  where A is the active area of the PV generator.

[0052] The simple implemented model, but with sufficient accuracy for the purpose of the study, only takes into account
the dependence of efficiency with temperature (Eq.(11)): 

[0053] Finally, the inverter is characterized by its nominal output power (PI) and three experimental parameters, (k0,
k1 and k2) used to calculate its power efficiency ( ηI) as it is shown in Jantsch et al., 1992 through equation Eq.(12): 

where pac(t)=PAC(t)/PI being PAC the output AC power of the inverter and the mentioned parameters k0, k1 and k2, which
must be fitted either from the power efficiency curve provided by the inverter manufacturer or from experimental meas-
urements (Muñoz et al., 2011).

c) PPV,Max(t) and PPV,Min(t) calculation

[0054] Once these parameters are known PPV,Max(t) is given by Eq.(13). 

[0055] And PPV,Min(t) corresponds to the power under maximum cloudiness conditions. A rough approach to define
the cloudy day but good enough for the purpose of the control is to consider it as 10% of a clear day, which corresponds
with the minimum diffuse irradiance observed. In this way PPV,Min(t) is given by Eq.(14). 

[0056] Note that any other losses, such as transformer and wiring losses, can be implemented to improve the accuracy
of the calculation of PPV,Max(t) and PPV,Min(t). By way of example, Figure 3 shows these limits and the real PV power,
PPV(t), for the 21st November 2012.
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[0057] Note that there are some points in which PPV(t) exceeds the PV,Max(t) limit modelled. This is because, on a day
with scattered clouds, there may be some reflections between the irradiance that reaches the ground and the clouds
that cause these values to be slightly above normal. In any case, these are individual cases that do not affect the proper
functioning of the application. On the other hand, it can be seen that PPV,Max(t) at the beginning and end of the day does
not behave as a perfect bell curve as was to be expected. This is because we are taking into account the shade losses
of the PV plant in order to get a more precise result, although this is not necessary.

d) SOC reference calculation

[0058] Considering the fact that both the maximum and minimum power limits are well-known, it makes sense to
implement a SOC control which takes into account these two limits. It is possible to control the SOC reference of the
storage system depending on the nature of the day under consideration. In other words, it is possible to control the SOC
of the storage system close to 100% on a clear day and with the PV plant in full operation, given the fact that the only
event that could possibly occur is a downward fluctuation, which will be mitigated by providing energy from the battery.
Whilst, on a cloudy day with the PV plant operating under diffuse irradiance with low power the battery will be at a low
state of charge in order to absorb the only possible upward fluctuation that could occur. Any other intermediate state of
production will imply a SOC reference that will be variable as a function of the actual weather conditions. To evaluate
this strategy, we will work with k=6.
[0059] Figure 4 shows the capacity required at a time close to midday on the 21st November 2012 in order to correctly
absorb both any potential upward and downward fluctuations. Note that, on one hand, the available capacity required
for discharging in the event of the maximum possible downward fluctuation (CBAT,d) is the stored energy that needs to
be injected into the grid in order to mitigate this fluctuation. On the other hand, the capacity required to charge in the
event of the maximum upward fluctuation (CBAT,c) is the energy required to be stored in the energy storage system to
absorb this fluctuation. CBAT,d and CBAT,c requirements are determined according to Eq.(5) (Ruifeng and Saha, 2010) 

and are expressed by Eq.(15) and Eq.(16). 

[0060] It is worth noting that when the PV plant is operating at any point close to midday, when PPV,Max(t)= PN, the
sum CBAT,d + CBAT,c = CBAT. This means there is only one SOC point which complies with the ramp limitation imposed.
However, any other time of day, the sum CBAT,d + CBAT,c < CBAT, which means that not only is there a single point that
meets the ramp limitation but an entire zone. If the SOC is within this zone, no modification will be required, a fact that
makes it possible to reduce the battery cycling degradation should this be necessary. This translates into the following
control logic (Eq.(17)): 
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[0061] As an example, Figure 5 shows the evolution of the SOC control proposed during the fluctuations on the 21st

November 2012. Despite the fluctuations recorded during the day, the strategy worked successfully. The SOC of the
battery was continuously adjusted to comply with both the ramp rate limitation implemented and any possible fluctuations
that could take place. Furthermore, as mentioned above, at the beginning and end of the day when EBAT(t) values comply
with the ramp rate limitation, so the SOC remains constant according to Eq.(17). The minimum theoretical effective
battery required is CBAT=12279 kWh. In this particular day, SOCMAX = 88.84% and SOCMIN = 21.43%. Thus, the effective
capacity used in this day is CBAT,used = EBAT,MAX-EBAT,MIN = 8276 kWh. Again, this strategy allows CBAT to be halved
the CBAT required in the method disclosed in Publication "Storage requirements for PV power ramp-rate control. Sol.
Energy 99, 28-35 from the authors Marcos, J., Storkël, O., Marroyo, L., Garcia, M., Lorenzo, E., 2014", of the state of the art.
[0062] Furthermore, Figure 6 shows the evolution of the SOC during a clear day (26th August 2012) and a cloudy day
(23rd November 2012). As was to be expected, during the clear day when PPV(t) is close to the PPV,Max(t) limit, once the
SOC level of the battery can provide enough energy to mitigate the only possible downward fluctuation, it remains
constant. On the other hand, on a cloudy day, when the SOC level of the battery is low enough to absorb the energy
required to mitigate the only possible upward fluctuation, it also remains constant. Obviously, the lower the use of the
battery the lower the losses and the lower the battery cycling degradation.

Claims

1. Method for the control of power ramp-rates minimizing energy storage requirements in intermittent power generation
plants for complying with a maximum allowable ramp-rate value to the power being fed in the grid, PG(t), given by
a grid code regulation, by the intermittent power generation plant characterized in that the method comprises:

• a stage for calculating the maximum plant power, PMax(t), and the minimum plant power, PMin(t) of the instan-
taneous power generated by the intermittent power generation plant, P(t), being the maximum plant power,
PMax(t), and the minimum plant power, PMin(t), the maximum and minimum power respectively that can occur
at the photovoltaic plant at time t;
• a stage for determining the worst possible fluctuation that can occur in the instantaneous power generated by
the intermittent power generation plant, P(t), wherein the worst possible fluctuation is one of the two following
fluctuations: a positive fluctuation being calculated between the instantaneous power P(t) and the maximum
plant power, PMax(t) and a negative fluctuation being calculated between the instantaneous power P(t) and the
minimum plant power, PMin(t);
• a stage for calculating dynamically the target state of charge, SOCtar(t), of a energy storage system required
to support the worst possible fluctuation; and
• a control stage wherein the state of charge SOC(t) of the energy storage system associated to the difference
between the power being fed in the grid, PG(t), and the instantaneous power generated by the intermittent power
generation plant, P(t), is modified accordingly to the target state of charge, SOCtar(t) if the previous value of the
target state of charge, SOCtar(t-1), is not able to support the worst possible fluctuation or is not modified if the
previous value of the target state of charge, SOCtar(t-1), is able to support the worst possible fluctuation.

2. Method for the control of power ramp-rates minimizing energy storage requirements in intermittent power generation
plants according to claim 1 characterized in that the maximum plant power, PMax(t), and/or the minimum plant
power, PMin(t) are calculated through specific values of irradiance, G(t), and measured cell temperatures (Tc),
wherein the intermittent power generation plant is a photovoltaic plant.
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3. Method for the control of power ramp-rates minimizing energy storage requirements in intermittent power generation
plants according to claim 1 characterized in that the maximum plant power, PMax(t), and/or the minimum plant
power, PMin(t) are calculated through specific values of meteorological variables, such as wind speed, vw(t), and
temperature, T(t), wherein the intermittent power generation plant is a wind turbine or wind farm.

4. Method for the control of power ramp-rates minimizing energy storage requirements in intermittent power generation
plants according to claim 3 characterized in that the maximum plant power PMax(t) is the rated power of the wind
turbine or wind farm and PMin(t) is another value different to the the rated power.

5. Method for the control of power ramp-rates minimizing energy storage requirements in intermittent power generation
plants according to any of previous claims characterized in that in the stage for calculating the maximum plant
power, PMax(t), and the minimum plant power, PMin(t) of the instantaneous power generated by the intermittent
power generation plant, P(t), the following condition is imposed: 

wherein A is comprised in the interval (0,1-0,3).

6. Method for the control of power ramp-rates minimizing energy storage requirements in intermittent power generation
plants according to any of previous claims characterized in that the stage for calculating the maximum plant power,
PMax(t), and the minimum plant power, PMin(t) of the instantaneous power generated by the intermittent power
generation plant, P(t) is carried out for each one of a set of plants for calculating the maximum power, PMax(t), and
the minimum power, PMin(t) of the set of plants.

7. Method for the control of power ramp-rates minimizing energy storage requirements in intermittent power generation
plants according to any of previous claims characterized in that it further comprises a stage of setting the dynamic
component of the ramp defined as the slope with which the power in the plant is to be varied in each control stage,
according to the state of charge SOC (t) of the energy storage system.

8. Method for the control of power ramp-rates minimizing energy storage requirements in intermittent power generation
plants according to claim 7 characterized in that the stage of setting the dynamic component of the ramp defined
as the slope with which the power in the plant is to be varied in each control stage, according to the state of charge
SOC (t) of the energy storage system is carried out for each one of a set of plants.

9. Method for the control of power ramp-rates minimizing energy storage requirements in intermittent power generation
plants according to claim 8 characterized in that the set of plants is a wind farm.

10. Method for the control of power ramp-rates minimizing energy storage requirements in intermittent power generation
plants according to claim 8 characterized in that the set of plants is a photovoltaic plant.

Patentansprüche

1. Verfahren zur Regelung von Leistungsanstiegswerten zum Minimieren der Energiespeicheranforderungen in inter-
mittierenden Stromerzeugungsanlagen, um einem maximal zulässigen Anstiegsratenwert der im Netz eingespeisten
Leistung PG(t), gegeben durch eine Netzcoderegelung, durch die intermittierende Stromerzeugungsanlage zu ent-
sprechen, dadurch gekennzeichnet, dass das Verfahren Folgendes umfasst:

• eine Stufe zum Berechnen der maximalen Anlagenleistung PMax(t) und der minimalen Anlagenleistung PMin(t)
der momentanen Leistung P(t), die von der intermittierenden Stromerzeugungsanlage erzeugt wird, wobei die
maximale Anlagenleistung PMax(t) und die minimale Anlagenleistung PMin(t), die maximale bzw. minimale
Leistung, die an der Photovoltaikanlage zum Zeitpunkt t auftreten können;
• eine Stufe zum Bestimmen der schlimmstmöglichen Schwankung, die in der momentanen Leistung P(t) auf-
treten kann, die von der intermittierenden Stromerzeugungsanlage erzeugt wird, wobei die schlimmstmögliche
Schwankung eine der beiden folgenden Schwankungen ist: eine positive Schwankung, die zwischen der mo-
mentanen Leistung P(t) und der maximalen Anlagenleistung PMax(t) berechnet wird, und eine negative Schwan-
kung, die zwischen der momentanen Leistung P(t) und der minimalen Anlagenleistung PMin(t) berechnet wird;
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• eine Stufe zum dynamischen Berechnen des Ziel-Ladezustands SOCtar(t) eines Energiespeichersystems, der
zur Unterstützung einer schlimmstmöglichen Schwankung erforderlich ist; und
• eine Regelungsstufe, wobei der Ladezustand SOC(t) des Energiespeichersystems, welcher der Differenz
zwischen der in das Netz eingespeisten Leistung PG(t) und der momentanen Leistung P(t), die von der
intermittierenden Stromerzeugungsanlage erzeugt wird, zugeordnet ist, entsprechend dem Zielladezustand
SOCtar(t) modifiziert wird, wenn der vorherige Wert des Ziel-Ladezustands SOCtar(t-1) nicht in der Lage ist, die
schlimmstmögliche Schwankung zu unterstützen, oder nicht modifiziert wird, wenn der vorherige Wert des
Zielladezustands SOCtar(t-1) in der Lage ist, die schlimmstmögliche Schwankung zu unterstützen.

2. Verfahren zur Regelung von Leistungsanstiegsraten zum Minimieren der Energiespeicheranforderungen in inter-
mittierenden Stromerzeugungsanlagen nach Anspruch 1, dadurch gekennzeichnet, dass die maximale Anlagen-
leistung PMax(t) und/oder die minimale Anlagenleistung PMin(t) durch spezifische Werte der Bestrahlungsstärke
G(t) und gemessene Zelltemperaturen (Tc) berechnet werden, wobei die intermittierende Stromerzeugungsanlage
eine Photovoltaikanlage ist.

3. Verfahren zur Regelung von Leistungsanstiegsraten zum Minimieren der Energiespeicheranforderungen in inter-
mittierenden Stromerzeugungsanlagen nach Anspruch 1, dadurch gekennzeichnet, dass die maximale Anlagen-
leistung PMax(t) und/oder die minimale Anlagenleistung PMin(t) durch spezifische Werte meteorologischer Variablen,
wie Windgeschwindigkeit vw(t) und Temperatur T(t),berechnet werden, wobei die intermittierende Stromerzeugungs-
anlage eine Windenergieanlage oder ein Windpark ist.

4. Verfahren zur Regelung von Leistungsanstiegsraten zum Minimieren der Energiespeicheranforderungen in inter-
mittierenden Stromerzeugungsanlagen nach Anspruch 3, dadurch gekennzeichnet, dass die maximale Anlagen-
leistung PMax(t) die Nennleistung der Windenergieanlage oder des Windparks ist und PMin(t) ein anderer Wert ist,
der sich von der Nennleistung unterscheidet.

5. Verfahren zur Regelung von Leistungsanstiegsraten zum Minimieren der Energiespeicheranforderungen in inter-
mittierenden Stromerzeugungsanlagen nach einem der vorhergehenden Ansprüche, dadurch gekennzeichnet,
dass in der Stufe zum Berechnen der maximalen Anlagenleistung PMax(t) und der minimalen Anlagenleistung PMin(t)
der momentanen Leistung, die durch die intermittierende Stromerzeugungsanlage P(t) erzeugt wird, die folgende
Bedingung auferlegt wird:
PMin(t)=AxPMax(t), wobei A in dem Intervall (0,1-0,3) enthalten ist.

6. Verfahren zur Regelung von Leistungsanstiegsraten zum Minimieren der Energiespeicheranforderungen in inter-
mittierenden Stromerzeugungsanlagen nach einem der vorhergehenden Ansprüche, dadurch gekennzeichnet,
dass der Schritt zum Berechnen der maximalen Anlagenleistung PMax(t) und der minimalen Anlagenleistung PMin(t)
der momentanen Leistung P(t), die durch die intermittierende Stromerzeugungsanlage erzeugt wird, für jede einer
Gruppe von Anlagen zum Berechnen der maximalen Leistung PMax(t) und der minimalen Leistung PMin(t) der
Gruppe von Anlagen ausgeführt wird.

7. Verfahren zur Regelung von Leistungsanstiegsraten zum Minimieren der Energiespeicheranforderungen in inter-
mittierenden Stromerzeugungsanlagen nach einem der vorhergehenden Ansprüche, dadurch gekennzeichnet,
dass es ferner eine Stufe des Einstellens der dynamischen Komponente des Anstiegs umfasst, der als die Steigung
definiert ist, mit dem die Leistung in der Anlage in jeder Regelungsstufe zu variieren ist, gemäß dem Ladezustand
SOC (t) des Energiespeichersystems.

8. Verfahren zur Regelung von Leistungsanstiegsraten zum Minimieren der Energiespeicheranforderungen in inter-
mittierenden Stromerzeugungsanlagen nach Anspruch 7, dadurch gekennzeichnet, dass die Stufe des Einstellens
der dynamischen Komponente des Anstiegs, der als die Steigung definiert ist, mit welcher der Strom in der Anlage
in jeder Regelungsstufe variiert werden muss, gemäß dem Ladezustand SOC (t) des Energiespeichersystems für
jede Anlage einer Gruppe von Anlagen durchgeführt wird.

9. Verfahren zur Regelung von Leistungsanstiegsraten zum Minimieren der Energiespeicheranforderungen in inter-
mittierenden Stromerzeugungsanlagen nach Anspruch 8, dadurch gekennzeichnet, dass die Gruppe von Anlagen
ein Windpark ist.

10. Verfahren zur Regelung von Leistungsanstiegsraten zum Minimieren der Energiespeicheranforderungen in inter-
mittierenden Stromerzeugungsanlagen nach Anspruch 8, dadurch gekennzeichnet, dass die Gruppe von Anlagen
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eine Photovoltaikanlage ist.

Revendications

1. Procédé de contrôle de taux de rampes de puissance minimisant les besoins en stockage d’énergie dans les
centrales de production d’électricité intermittentes afin de respecter une valeur de taux de rampe maximale autorisée
à la puissance fournie au réseau, PR(t), donnée par une régulation de code de réseau, par la centrale de production
d’électricité intermittente caractérisé en ce que le procédé comprend :

• une étape pour le calcul de la puissance maximale de la centrale, PMax(t), et de la puissance minimale de la
centrale, PMin(t) de la puissance instantanée générée par la centrale de production d’électricité intermittente,
P(t), PMax(t) étant la puissance maximale de la centrale et PMin(t) étant la puissance minimale de la centrale,
les puissances maximale et minimale respectivement pouvant se produire dans la centrale photovoltaïque à
l’instant t ;
• une étape pour la détermination de la pire fluctuation possible pouvant se produire dans la puissance instan-
tanée générée par la centrale de production d’électricité intermittente, P(t), dans laquelle la pire fluctuation
possible est l’une des deux fluctuations suivantes : une fluctuation positive étant calculée entre la puissance
instantanée P(t) et la puissance maximale de la centrale, PMax(t) et une fluctuation négative étant calculée entre
la puissance instantanée P(t) et la puissance minimale de la centrale, PMin(t) ;
• une étape pour le calcul dynamique de l’état de charge cible, ECCcible(t), d’un système de stockage d’énergie
requis pour supporter la pire fluctuation possible ; et
• une étape de contrôle dans laquelle l’état de charge EDC(t) du système de stockage d’énergie associé à la
différence entre l’alimentation fournie au réseau, PR(t), et la puissance instantanée générée par la centrale de
production électrique intermittente, P(t), est modifié en fonction de l’état de charge cible, EDCcible(t) si la valeur
précédente de l’état de charge cible, EDCcible(t-1), n’est pas capable de supporter la pire fluctuation possible
ou n’est pas modifié si la valeur précédente de l’état de charge cible, EDCcible(t-1), est capable de supporter
la pire fluctuation possible.

2. Procédé de contrôle de taux de rampes de puissance minimisant les besoins en stockage d’énergie dans les
centrales de production d’électricité intermittentes selon la revendication 1, caractérisé en ce que la puissance
maximale de la centrale, PMax(t), et/ou la puissance minimale de la centrale, PMin(t) sont calculées moyennant des
valeurs spécifiques d’irradiance, R(t) et des températures de cellule mesurées (Tc), dans lequel la centrale de
production d’électricité intermittente est une centrale photovoltaïque.

3. Procédé de contrôle de taux de rampes de puissance minimisant les besoins en stockage d’énergie dans les
centrales de production d’électricité intermittentes selon la revendication 1, caractérisé en ce que la puissance
maximale de la centrale, PMax(t), et/ou la puissance minimale de la centrale, PMin(t) sont calculées moyennant des
valeurs spécifiques de variables météorologiques, telles que la vitesse du vent, vvent(t) et la température, T(t), dans
lequel la centrale de production d’électricité intermittente est une éolienne ou un parc éolien.

4. Procédé de contrôle de taux de rampes de puissance minimisant les besoins en stockage d’énergie dans les
centrales de production d’électricité intermittentes selon la revendication 3, caractérisé en ce que la puissance
maximale de la centrale PMax(t) est la puissance nominale de l’éolienne ou du parc éolien et PMin(t) est une autre
valeur différente de la puissance nominale.

5. Procédé de contrôle de taux de rampes de puissance minimisant les besoins en stockage d’énergie dans les
centrales de production d’électricité intermittentes selon l’une quelconque des revendications précédentes, carac-
térisé en ce que dans l’étape pour le calcul de la puissance maximale de la centrale, PMax(t), et de la puissance
minimale de la centrale, PMin(t) de la puissance instantanée générée par la centrale de production d’électricité
intermittente, P(t), la condition suivante est imposée :
PMin(t)=AxPMax(t), dans laquelle A est compris dans l’intervalle (0,1 -0,3).

6. Procédé de contrôle de taux de rampes de puissance minimisant les besoins en stockage d’énergie dans les
centrales de production d’électricité intermittentes selon l’une quelconque des revendications précédentes, carac-
térisé en ce que l’étape pour le calcul de la puissance maximale de la centrale, PMax(t), et de la puissance minimale
de la centrale, PMin(t) de la puissance instantanée générée par la centrale de production d’électricité intermittente,
P(t) est effectué pour chaque centrale d’un ensemble de centrales pour le calcul de la puissance maximale, PMax(t),
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et de la puissance minimale, PMin(t) de l’ensemble de centrales.

7. Procédé de contrôle de taux de rampes de puissance minimisant les besoins en stockage d’énergie dans les
centrales de production d’électricité intermittentes selon l’une quelconque des revendications précédentes, carac-
térisé en ce qu’il comprend en outre une étape de réglage de la composante dynamique de la rampe définie comme
la pente avec laquelle la puissance dans la centrale doit être modifiée à chaque étape de contrôle, en fonction de
l’état de charge EDC(t) du système de stockage d’énergie.

8. Procédé de contrôle de taux de rampes de puissance minimisant les besoins en stockage d’énergie dans les
centrales de production d’électricité intermittentes selon la revendication 7, caractérisé en ce que l’étape de réglage
de la composante dynamique de la rampe définie comme la pente avec laquelle la puissance dans la centrale doit
être modifiée à chaque étape de contrôle, en fonction de l’état de charge EDC(t) du système de stockage d’énergie
est réalisée pour chaque centrale d’un ensemble de centrales.

9. Procédé de contrôle de taux de rampes de puissance minimisant les besoins en stockage d’énergie dans les
centrales de production d’électricité intermittentes selon la revendication 8, caractérisé en ce que l’ensemble de
centrales est un parc éolien.

10. Procédé de contrôle de taux de rampes de puissance minimisant les besoins en stockage d’énergie dans les
centrales de production d’électricité intermittentes selon la revendication 8, caractérisé en ce que l’ensemble de
centrales est une centrale photovoltaïque.
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